Comamonas testosteroni T-2, grown in terephthalate (TER)-salts medium, synthesizes inducible enzymes that convert TER to (LR,2S)-dihydroxy-3,5-cyclohexadiene-1,4-dicarboxylic acid (DCD) and protocatechuate (PC).
Knowledge about the aerobic degradation of aromatic compounds has been accumulating for the last 60 years, and the critical importance of oxygenases in this process has long been recognized (11, 15, 18, 21) . Despite recent progress in the study of multicomponent oxygenases (2, 10, 19, 30) , however, there are seldom more than two biochemically characterized representatives for any one of the five subgroups of these complex enzymes (2, 8) , and so a broad basis for generalizations is not yet available.
The degradation of isomers of benzene dicarboxylate, phthalate (1,2 substitution), isophthalate (1, 3) , and terephthalate (TER) (1, 4) has been studied for many years (23, 31, 32) . Indeed, the best-known oxygenase in multicomponent subgroup 1A is phthalate dioxygenase (2, 10, 30) . The natures of the oxygenases attacking isophthalate and TER have not been described, but the degradation of TER is widespread (32, 38) and is assumed to proceed via dioxygenation to the dienediol [(lR,2S)-dihydroxy-3,5-cyclohexadiene-1,4-dicarboxylic acid (DCD)], which has been isolated from blocked mutants of a degradative organism (la).
Comamonas testosteroni T-2 utilizes the xenobiotic compound p-toluenesulfonate and the natural product p-toluate ( Fig. 1 ) via a specific transport system and three common initial reactions to p-sulfobenzoate (PSB) and TER, respectively (28, 29 (29) is not illustrated. SOL, 4-sulfobenzylalcohol; COL, 4-carboxybenzylalcohol; SYD, 4-sulfobenzaldehyde; CYD, 4-carboxybenzaldehyde; PSB, 4-sulfobenzoate; TSMOS, 4-toluenesulfonate methyl-monooxygenase system; SOLDH, 4-sulfobenzylalcohol dehydrogenase; SYDDH, 4-sulfobenzaldehyde dehydrogenase. and 0.02% KCl (PBS) and 50% (vol/vol) Freund's complete adjuvant. After 3 weeks, the rabbits received boosters of the same amount of antigen in PBS containing 50% (vol/vol) Freund's incomplete adjuvant. Ten days later, the quantity of specific antibodies was determined by immunodot blotting and Western immunoblotting. Up to four subsequent boosters were administered at intervals of about 4 weeks when necessary. Test bleeds were from the marginal ear vein; all injections were made subcutaneously. The rabbits were exsanguinated 14 days after the last booster injection. Serum was prepared and stored as described by Harlow and Lane (20) .
Analytical methods. Intermediates in the degradative pathway ( Fig. 1) were determined by high-pressure liquid chromatography (HPLC) on reversed-phase columns (25) ; the UV spectrum of a separated compound was recorded with a diode array detector. Flavin adenine dinucleotide (FAD) was extracted and identified as described by Locher et al. (26) . PC, as the trimethylated derivative, was identified by mass spectrometry (MS) essentially as described by Locher et al. (25) . Electron paramagnetic resonance (EPR) spectra at the X band were recorded with an ESP 300 spectrometer (Bruker, Rheinstetten, Germany) at 10 K as described elsewhere (33) . Inorganic sulfur was extracted by zinc acetate treatment and determined by measuring the formation of methylene blue (4). Protein concentrations were measured by the method of Bradford (7) with bovine serum albumin as the standard. Growth was assayed by measuring the optical density (an optical density at 546 nm of 1 represented 200 mg of protein per liter).
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (24) was used to monitor the protein purification and to estimate molecular weights under denaturing conditions. For PAGE of native proteins, the SDS was omitted from the electrophoresis buffer, the 3% stacking gel, and the 6% separating gel, and samples were prepared in 62.5 mM Tris chloride, pH 6.8, containing 0.1% (vol/vol) glycerol and 0.02% (wt/vol) bromphenol blue. Separation of native proteins was done at 40C (100 to 200 V, 50 mA). Proteins in gels were visualized by staining with Coomassie brilliant blue (24, 26) or silver (6) . Separated native proteins were occasionally subjected to activity staining for NADH-dependent dichlorophenolindophenol (DCPIP) reductase. After electrophoresis, the gel was left on one glass plate and overlaid with a suitably sized filter paper which had been soaked in 2 mM DCPIP and air dried for a few minutes. About 1 ml of 10 mM NADH was spread evenly over the paper, and the incubation lasted 5 to 60 min. DCPIP reductase activity was located as colorless bands in the gel.
The N-terminal amino acid sequences of protein bands blotted from SDS-PAGE gels onto polyvinylidene difluoride membranes were determined. Blotting was done in a Mini Trans-Blot cell (Bio-Rad, Richmond, Calif.) at 100 V (250 mA) for 1 h at 40C. The blotting buffer consisted of 25 mM Tris base, 192 mM glycine, and 15% (vol/vol) methanol. After being blotted, proteins were stained with 0.2% (wt/vol) Ponceau S red in 3% (vol/vol) trichloroacetic acid and selected bands were subjected to Edman degradation (26) . CLUSTAL, FASTA, FETCH, GAP, SEQED, STRINGSEARCH, and TOCLUSTAL software (14) was used to search for homologies between the known sequences of oxygenase Z and sequences in databases.
Proteins for analysis by Western blotting were separated by SDS-PAGE and blotted onto nitrocellulose membranes in the Mini Trans-Blot cell. After the proteins were blotted, the membranes were washed for a few minutes in 25 mM Tris chloride, pH 8.0, containing 0.8% (wt/vol) NaCl and 0.02% (wt/vol) KCl (TBS) and blocked for one hour in TBS containing 5% (wtlvol) low-fat milk powder. After being blocked, the membranes were washed once with TBS and incubated 1 to 2 h with antisera diluted (anti-Za, 1:1,000; anti-A, 1:10,000) in TBS containing 0.05% (vol/vol) Tween 20 and 3% (wt/vol) low-fat milk powder (antibody buffer). The membranes were washed twice with TBS containing 0.05% (vol/vol) Tween 20 and incubated with secondary antibody diluted 1:3,000 in antibody buffer. After 1 h, the membranes were washed twice with TBS containing 0.05% (vol/vol) Tween 20 and once with TBS. Bound antibody-alkaline phosphatase conjugates were visualized by their reaction with 5-bromo-4-chloro-3-indolylphosphate (0.015%) and nitroblue tetrazolium sodium salt (0.03%) in 100 mM sodium carbonate buffer, pH 9. Growth of the organism and preparation of cell extracts and enzyme assays. C. testosteroni T-2 (DSM 6577) (9, 36) was grown in TER-or succinate-salts medium (26) . Cells for the purification of TERDOS were grown, harvested, and stored essentially as described elsewhere (26) except that the growth medium (pH 6.8) contained 15 mM TER as the sole source of carbon and energy; cells were harvested at an optical density at 546 nm of 1.1 (mid-log phase) and washed in 50 mM Tris sulfate buffer, pH 7.5, containing 1 mM dithiothreitol. The same buffer was used to suspend cell pellets prior to disruption in a French pressure cell as described elsewhere (26) . This extract could be stored at -20'C for at least 4 weeks without loss of TERDOS activity; at 40C no activity was lost during 24 h.
The activity of TERDOS was routinely assayed as the oxygen uptake at 30'C in a Clarke-type oxygen electrode with a 1-ml reaction vessel (26) . The optimized reaction mixture contained (in 0.5 ml) 20 jmol of Tris sulfate buffer (pH 7.5), 400 nmol of NADH, 40 nmol of FeSO4, and protein (with crude extracts, 1,000 jig; with purified enzyme, 20 jig of oxygenase Z and 50 jig of fraction R), and the reaction was started by the addition of 600 nmol of TER (see Results for an explanation). The stoichiometry of the reaction of purified TERDOS was determined by measuring substrate disappearance and product formation by HPLC and by measuring oxygen consumption. The source of the hydroxyl groups in the DCD formed from TER was examined in the PC formed from the DCD in an experiment with the enzyme assay performed in gas-tight 10-ml vials containing defined atmospheres of nitro- The reaction was started by injection of 3 jimol of NADH.
After 1 h of incubation at 30'C, the reaction was stopped by boiling the reaction mixture for 3 min. Proteins were removed by centrifugation. The supernatant was acidified with 30 jil of perchloric acid (72%) and mixed with two volumes of diethyl ether, which was saturated with freshly prepared diazomethane. The mixture was then vortexed until discoloration of the ether phase occurred. The ether phase was used directly for gas chromatography (GC)-MS analysis.
Reductase R was identified as TERDOS activity when combined with component Z, and it was assayed routinely at 250C as NADH-dependent reduction of cytochrome c or of DCPIP (26) .
DCD dehydrogenase (DCDDH) activity was measured photometrically at 340 nm as DCD-dependent generation of NADH in an assay containing (in 1 ml) 40 jimol of Tris sulfate (pH 7.5), 600 nmol of NAD+, and 10 to 100 jig of protein. The reaction was started by the addition of 750 nmol of DCD.
Components A, M, and B of PSBDOS and 4-toluenesulfonate methyl-monooxygenase system (TSMOS) from C. testosteroni T-2 were purified and assayed as described elsewhere (26, 27) . Purification of TERDOS. The procedure for purification of TERDOS was in all practical respects similar to that for PSBDOS (26) .
(i) Step 1. Crude extract free of nucleic acids, which were removed by precipitation with protamine sulfate as described elsewhere (26), was prepared.
(ii)
Step 2. The anion-exchange column (10 by 100 mm; Mono Q; Pharmacia) was equilibrated (4 ml/min) with buffer A (25 mM Tris sulfate buffer, pH 7.5, containing 1 mM dithiothreitol) and loaded with the supernatant from step 1 (5 ml; about 200 mg of protein). Proteins were eluted with an increasing gradient of Na2SO4 (Fig. 2) , and 5-ml fractions were collected. No (3, 26, 34) . The assay of TERDOS in crude extract showed a linear response to protein concentrationi, though with an undefined intercept on the protein axis (Fig. 3) . Addition of protein (100 to 250 jig) from fraction R, the putative reductase, had a negligible effect on the activity (Fig. 3) . (Fig. 4) , while antisera raised against component Z were also specific (Fig. 4) . No reductase B activity (PSBDOS) was found in the fractions of crude extract. TERDOS activity was obtained only when fraction Z was combined with fraction R (Fig. 2) .
Component Z, the oxygenase component of TERDOS (see below), was essentially homogeneous after anion-exchange chromatography and SDS-PAGE showed it to consist of subunits of two sizes (Fig. 5) . A hydrophobic interaction step removed contaminants (Fig. 5 ) but did not improve the specific activity, probably because of protein denaturation during this step of purification (Table 1) . A similar effect was observed in a gel filtration step, after which component Z was chromatographically pure (not shown) but had irreversibly lost all its activity. Loss from oxygenases of mononuclear iron, often weakly bound, is well known (30) (26) is indicated by the arrow.
subunit was homogeneous. The subunits were termed a (49,000) and ,B (18,000). We presume the native oxygenase to have the structure a2P2.
Oxygenase Z was first detected as a region of red-brown fractions (Fig. 2) . The absorption maximum was at 460 nm, with shoulders at about 540 and 420 nm (Fig. 6 ). On reduction of the oxygenase, maxima at 520 and 420 nm were detected. These spectra are typical of oxygenase components of multicomponent nonheme iron dioxygenases (27) and suggest the presence of a Rieske iron sulfur center (30) . We detected 2.5 ± 0.3 mol of acid-labile sulfur per mol of oxygenase a-monomer. An EPR spectrum of oxygenase Z (Fig. 7) The N-terminal amino acids of the two subunits were determined; they were as follows: Z-ax, Met-Gln-Glu-Ser-IleIle-Gln-Trp-His(Arg)-Gly-Ala-Thr-Asn-Thr-Arg-Val-Pro; and Z-,, Met-Ile-Asn-Glu-Ile-Gln-Ile-Ala-Ala-Phe-Asn-AlaAla-Tyr-Ala-Lys-Thr-Ile-Asp-Ser-Asp-Ala-Met-Glu-Gln. No significant homology with any sequence in the following databases was detected: Swissprot, PIR, and MIPSX. The peptide sequences were submitted to the PIR database (accession numbers A44560 [a] and B44560 [,] ). Wavelength (nm) FIG. 6 . Absorption spectra of component Z of TERDOS. ox, purified component Z (1 mg/ml) in 50 mM Tris sulfate buffer, pH 7.5, containing 120 mM FeSO4; red, the same sample after addition of fraction R (60 ptg/ml) and 22 p.M NADH to the sample and the reference cuvette. The same spectrum was obtained when the oxygenase was reduced with trace amounts of sodium dithionite.
The isoelectric point (pl) of component Z was determined by chromatofocusing. Oxygenase Z eluted at pH 4.6. There was a broad optimal temperature for TERDOS activity between 25 and 360C. Above 370C, activity was rapidly lost. TERDOS had a twofold-higher specific activity in Tris than in phosphate buffers. A broad pH optimum (7.5 to 8.5) was observed in 50 mM Tris sulfate.
Catalytic properties of TERDOS. Oxygenase Z complemented with fraction R was used to examine the reaction catalyzed by TERDOS. Oxygen uptake and transformation of substrates, determined by HPLC, were examined. TER was converted to two products (Table 2) putative DCD and the authentic DCD. The second compound was PC, which was identified by cochromatography with authentic material and by the identity of the UV spectra of putative material and authentic material, and by MS (see below). One mole of TER was converted to 1 mol of PC, and 1 mol Of 02 was consumed in the reaction, which had an absolute requirement for NADH. We know fraction R to contain NAD+-linked DCDDH, which quantitatively converted DCD to PC (see above). We thus presume that TERDOS converts 1 mol each of NADH, 02, and TER to 1 mol each of DCD and NAD'. The DCD is then oxidized to PC, which regenerates NADH and makes quantification of the NADH requirement of TERDOS impossible with TER as the substrate. However, experiments with an alternative substrate for TERDOS (see below) augment the data shown above and confirm the unit stoichiometry for all substrates and products in the reaction.
Two compounds other than TER were confirmed to be substrates for the enzyme, PDC and NDC (Table 3) . In contrast to results of assays with TER, single products (Table  2) were formed, and no formation of intermediates or regeneration of NADH was detected. In the reaction with NDC, 1 mol Of 02 was consumed per mol of NADH added. The products, after treatment with diazomethane, gave no useful signals when chromatographed (GC-MS) and have not been further identified. The same products (as determined by HPLC and UV spectra) were found when PDC and NDC were substrates in assays with crude extracts. We conclude that PDC and NDC are substrates for TERDOS but that the a Data are representative of those from three or more independent measurements with at least two different preparations of TERDOS.
b Activity was measured as the substrate-dependent oxygen uptake rate in the coupled assay; 100% activity means 0.5 mkat/kg of protein.
c Transformation of substrates and formation of products were monitored by HPLC.
d In contrast to those of the other two substrates, the initial rate was maintained for only a short period.
NT, not tested.
unidentified products are not attacked by DCDDH and PC450.
One compound, PSB, caused oxygen uptake without turnover of substrate, and so we presume that uncoupling of oxygen uptake and substrate oxygenation occurred (27) . pToluate caused a detectable uptake of oxygen, which was not further examined. The seven other compounds examined showed no detectable interaction with the enzyme.
The catalysis was shown to be a dioxygenation by methylating and examining by GC-MS the PC formed in the presence of (i) 1602 and (ii) a mixture of 1602 and 1802. The which imply a specific activity of TERDOS of about 2 mkat/kg of protein in growing cells (33a) . The specific activity of TERDOS in cell extracts of C. testosteroni T-2 (0.5 mkat/kg of protein; Table 1 ) is about 25% of that required for growth. We thus believe that we have isolated the correct oxygenase, because the activity is inducible and highly specific and because it represents a significant portion of the activity required in vivo.
The reaction catalyzed by TERDOS is typical for the bacterial metabolism of aromatic compounds not carrying heteroatom substituents (or not attacked near the heteroatom) (16, 22) in that a stable dienediol is formed, which is then subject to metabolism via a dehydrogenase. Given the widespread degradation of TER and that TER is as much a natural product as p-toluate, from which it can be derived (28) (12, 39) . It would, however, be unusual to find enzymes of groups 2 and 3 with polar substrates and narrow substrate ranges (30) . Whereas we cannot attribute TERDOS to a known subgroup of dioxygenases, the oxygenase is obviously subject to uncoupling of oxygen uptake from oxygenation (Table 3) , a well-established phenomenon of multicomponent oxygenases (5) .
The number of shared proteins in the degradation of 4-toluenesulfonate and 4-toluenecarboxylate ( Fig. 1) caused us to postulate a close evolutionary relationship between the nonheme dioxygenases in the pathway(s). It is now clear that TERDOS has no substantial relationship with PSBDOS. The latter is a group 1A enzyme, and the oxygenases differ in structure, in their isoelectric points (oxygenase Z, 4.6; oxygenase A, 5.3 [33b]), in the moiety of the substituent attacked (at the sulfono or carboxy substituent; Fig. 1 ), in the reductases with which they react, and in their immunological antigenicities (Fig. 4) . Thus, TERDOS and PSBDOS must have evolved independently.
There are, however, other interesting correlations between PSBDOS and TERDOS. PSBDOS interacts with only two compounds to produce oxygen uptake to our knowledge, PSB (the substrate) and TER (an uncoupler) (26) . With TERDOS, TER is a substrate and PSB is an uncoupler (Table 3) . So, despite all differences, there are presumably structural similarities in the active centers of these oxygenases. We also found substantial amounts of component (oxygenase) A of PSB-DOS, but no PSBDOS activity, in TER-grown cells (Fig. 2,  4 , and 5). We conclude that the expression of the isolated oxygenase and electron-transfer components of PSBDOS is not coregulated (28) . The regulation of the TS and TC pathway(s) in C. testosteroni T-2 is currently under investigation.
In contrast to our (incorrect) hypothesis that PSBDOS could have evolved from TERDOS, whose substrate we presume to occur naturally (see above), Taylor and King (35) suggest that TERDOS and the phthalate dioxygenase system (whose substrate also occurs naturally [32] ) might have evolved from enzymes specific for the degradation of the corresponding naturally occurring pyridine dicarboxylic acid (31) . The catalytic properties of TERDOS (Table 3) and of the phthalate dioxygenase system (3) give some support to this hypothesis. Each oxygenase accepts the analogous pyridine dicarboxylic acid as a substrate. However, C. testosteroni T-2 does not utilize PDC as a growth substrate (33b); washed cells of TER-grown C. testosteroni T-2 did not oxidize PDC, whereas TER is oxidized (33b), and so a putative TER uptake system in C.
testosteroni T-2 does not transport PDC into the cell. In addition, the product of PDC and TERDOS is not a substrate for DCDDH. The reaction of TERDOS with PDC is probably only an isolated feature of this enzyme and not a remnant of evolution.
